Inspired by the cosmological small-scale structure problems, we thoroughly study a self-interacting vector dark matter (VDM) model in which the VDM is generated by the freeze-in mechanism via the Higgs portal interaction. The strong VDM self-interactions naturally arise when the dark Higgs boson which induces the VDM mass is much lighter than the VDM. We also carefully consider the constraints from the VDM indirect searches, which restrict the dark Higgs mass to be at most of O (keV). The emergence of small-scale structure problems of the standard ΛCDM model of the Universe has led to the great interest in models with sizeable dark matter (DM) self-interactions, as they may provide a possible solution [1] . Strong DM self-interactions can be induced, in an intriguing way, by a light mediator, which enhances them non-perturbatively [2-4]. However, it has been recently pointed out in [5] that, because of constraints from DM indirect searches, the standard dark freeze-out mechanism with s-wave annihilation is ruled out, as a possibility to generate DM self-interactions. Thus, it is worthwhile to consider scenarios beyond this conventional framework.
The emergence of small-scale structure problems of the standard ΛCDM model of the Universe has led to the great interest in models with sizeable dark matter (DM) self-interactions, as they may provide a possible solution [1] . Strong DM self-interactions can be induced, in an intriguing way, by a light mediator, which enhances them non-perturbatively [2] [3] [4] . However, it has been recently pointed out in [5] that, because of constraints from DM indirect searches, the standard dark freeze-out mechanism with s-wave annihilation is ruled out, as a possibility to generate DM self-interactions. Thus, it is worthwhile to consider scenarios beyond this conventional framework.
In this article, we study a vector DM (VDM) model [6] [7] [8] in which the VDM is produced through the freeze-in mechanism [9] by coupling VDM to the Standard Model (SM) sector via the Higgs portal [10] . The dark Higgs boson which gives the VDM mass can be tuned to be much lighter than the VDM so that the VDM self-interactions can be boosted to the appropriate level to solve the small-scale problems. The main goal of this paper is to check if this self-interacting VDM model is consistent with constraints from indirect DM searches. A similar scenario has already been investigated in [8] with the non-Abelian version of this model. Here, we discus thoroughly the recent bounds from BBN, CMB, FERMI-LAT, AMS-02, diffuse γ/X-ray and direct detection LUX data.
Following [7] , we introduce a dark U(1) X gauge symmetry with its gauge boson X µ , and a complex scalar S which is charged under U(1) X but neutral under the SM gauge group. We further impose the following charge conjugate Z 2 symmetry to the dark sector
under which the mixing term X µν B µν between the SM U(1) Y gauge boson B µ and X µ is forbidden. Thus, we can write down the following dark sector Lagrangian:
where H is the SM Higgs doublet, and we define the covariant derivative of S as D µ S ≡ (∂ µ + ig X X µ )S with g X the dark gauge coupling constant. Note that only the Higgs portal coupling, κ|S| 2 |H| 2 , connects the dark and SM sectors. Moreover, the mass term of S in the potential is negative, which induces the spontaneous symmetry breaking (SSB) of the dark U(1) X symmetry. By minimizing the scalar potential, the vacuum expectation values of the SM Higgs doublet H ≡ (0, v H / √ 2 ) T and the dark Higgs S ≡ v S / √ 2 are given as follows:
Note that S can always be chosen to be real without any loss of generality, and the discrete Z 2 symmetry (1) remains unbroken as required for the stability of X µ . After SSB, the dark gauge boson X µ gets its mass m X = g X v S and we are left with two physical scalars (φ H , φ S ) T , which are defined in the unitary gauge as
The second order expansion of the scalar potential implies the following mass squared matrix for (φ H , φ S ) T :
Hence, the mass eigenstates of scalars (h 1 , h 2 ) T can be defined with the following orthogonal transformation:
with the mixing angle θ. The scalar quartic couplings could be expressed through the mixing angle, Higgs boson masses and vevs as follows:
In the freeze-in mechanism, X µ and h 2 never thermalize with SM particles, so that the portal coupling κ or s θ should be very small. Thus, it is evident from Eq. (5) that h 2 is mostly the dark Higgs φ S , while the h 1 boson is SM-Higgs-like. Note that this simple model only contains four free parameters, which are chosen to be (m X , m h 2 , κ, g X ) for later convenience. Now, we study the VDM production with the freeze-in mechanism in this model. As a standard assumption in the freeze-in mechanism [9] , the initial abundance of the dark sector comprising X µ and h 2 is negligibly small after reheating. Also, the dark sector cannot thermalize itself or reach an equilibrium with the SM sector, so that the VDM abundance is only produced by the SM particle annihilations and/or decays. When the VDM mass is smaller than the electroweak (EW) phase transition temperature T EW 160 GeV [11] , we expect that the VDM is mostly produced in the SM gauge symmetry broken phase. In this case, the freeze-in Boltzmann equation can be written as follows:
where the DM yield Y X = n X /s is defined as a ratio between the VDM number density n X and the visible sector entropy density s, x ≡ m X /T , H is the Hubble parameter, and SM particle i annihilations(decays) into VDMs are represented by various reaction densities [12] γ
, the precise definitions of which are given in Ref. [10] . Note that we have implemented the model into LanHEP [13] and calculated the cross sections with CalcHEP [14] .
On the other hand, in the case of m X T EW , the VDM production only occurs when the EW gauge symmetry is not broken. At tree level, the only channel to produce VDM is XX → HH † , where H is the SM Higgs doublet. The Boltzmann equation should be expressed as follows:
It is interesting to note that all of reaction densities defined above in both the EW symmetric and broken phases have no dependence on g X and very weak dependence on m h 2 , so that they can be expressed as functions of only two model parameters m X and κ. By solving the Boltzmann equations in Eqs. (7) and (8), and matching the results to the observed value of DM relic density Ω X h 2 = 0.11, the value of κ can be obtained as a function of the VDM mass m X (Fig. 1) . There are several features that can be observed. Firstly, there is a small but abrupt increase of κ at m X = 160 GeV, which represents the sudden change of the dominant VDM production channels due to the EW phase transition. The curve of Fig. 1 presents distinctive scaling behaviors of κ as functions of m X , which reflect different VDM production scenarios. When m X ≥ m h 1 /2, the only contribution comes from SM particle annihilations, while if m X < m h 1 /2, the SM-like Higgs decay h 1 → XX opens and dominates the VDM creations. We discuss this issue in more detail in Ref. [10] . If DM is generated within pure freeze-in scenario, the dark sector should not thermalize neither with itself nor with the SM sector. It is easy to check that the portal coupling κ shown in Fig. 1 is too small for the dark sector to reach the equilibrium with the SM thermal bath. On the other hand, the condition for non-thermalization within the dark sector is encoded by the following inequality:
where σ(XX → h 2 h 2 )v , n X , and H denote the thermally averaged cross section for XX → h 2 h 2 , the VDM number density, and Hubble parameter, respectively. All of these quantities should be calculated around a temperature when the freeze-in processes end. As will be shown below, this non-thermalization condition will place a strong constraint on the freeze-in parameter space.
It is well-known that one possible solution to the 'cusp versus core' and the 'too-big-to-fail' problems is sufficiently strong DM self-interaction at the dwarf galaxy scale [1, 3, 4] with the cross section in the range of 0.1 cm 2 /g < σ T /m X < 10 cm 2 /g, where the so-called momentum transfer cross section between DM particles is defined as σ T ≡ dΩ(1 − cos θ)dσ/dΩ. However, observations at the cluster scale severely constrain the DM self-interactions with σ T /m X < 1 cm 2 /g [15] .
A possible scenario that may give rise to so large DM self-interaction is an introduction of a mediator which is much lighter than a DM particle. In the present model, the mass of h 2 is a free parameter and can be tuned to be hierarchically smaller than that of the VDM in order to enhance the VDM self-interactions. Note that VDM self-interactions are characterized by three length scales: the Compton wavelength 1/(α X m X ) with α X ≡ g 2 X /(4π) the dark fine-structure constant, the potential range 1/m h 2 , and de Broglie wavelength 1/(m X v). In the Born region when 1/m h 2 1/(α X m X ), the perturbative result for σ T in Ref. [3] is applicable. On the other hand, when the above condition is not valid any more, the non-perturbative effect becomes prominent and gives us the attractive Yukawa potential as follows:
Note that in the non-perturbative region there are two regimes which depend on the VDM velocity. The classical regime (m X v/m h 2 1) where we can use the approximate analytic formulas for σ T from Refs. [3, 4] and the resonant regime (m X v/m h 2 1), where the quasi-bound states can form. In order to obtain σ T , we need to solve the non-relativistic Schrödinger equation with the potential in Eq. (10) following Ref. [3] . It is remarkable that σ T is amplified more significantly as the DM velocity decreases, which can help the VDM self-interactions at the dwarf galaxy scale with the typical DM velocity v ∼ 10 km/s to evade the constraints from clusters with v ∼ 1000 km/s.
We now consider the constraints from DM direct and indirect searches. For DM direct detections, the signal comes from the nuclear recoils caused by the VDM scatterings, which are mediated by two neutral scalars h 1,2 . The total VDM-nucleon (XN ) cross section is given by
where the VDM velocity v is defined in the lab frame,
is the reduced mass of the XN system, and f N ≈ 0.3 is the effective nucleon coupling. Due to the fact that σ XN ∝ κ 2 , it is expected that the direct detection signal is too small to give any sensible constraints to the model, as it has been shown in Ref. [10] . Constraints from indirect searches strongly depend on the properties of the dark Higgs: its mass, dominant decay channels and lifetime τ h 2 . Since we focus on the light mediator with m h 2 100 MeV, we divide our discussion into two cases: (i) m h 2 ≥ 2m e and (ii) m h 2 ≤ m e , where m e denotes the electron mass. In the former case, h 2 dominantly decays to e + e − pairs, which predicts the h 2 lifetime in the range of 10 4 s τ h 2 10 12 s, while in the latter region, only diphoton channel is kinematically allowed what leads to τ h 2 10 12 s. Since the h 2 lifetime is always longer than 10 4 s, h 2 behaves as a decaying DM from the perspective of Big Bang Nucleosynthesis (BBN). The electromagnetic energy injection from the late-time decay of h 2 would spoil the successful predictions of various element abundances, thus the model would be constrained by BBN. Since the dark Higgs h 2 abundance at the BBN epoch is also produced by the freeze-in mechanism, we adopt the recent BBN constraints from Ref. [16] . When 1 MeV m h 2 100 MeV, BBN bounds imply sin θ < 5 × 10 −12 , while for even lighter h 2 constraints are absent. For other indirect detection experiments, we need to consider the two regimes of m h 2 separately.
-Region (i): As mentioned before, the lifetime of h 2 is shorter than 10 12 s, which indicates that the dark Higgs is produced via the freeze-in and later decays before the epoch of Cosmic Microwave Background (CMB) decoupling. Thus, the possibility of indirect detection within this regime comes from the annihilation process XX → h 2 h 2 followed by h 2 decays, which suffers from a large Sommerfeld enhancement. Possible signals include modification of the cosmological ionization history, the positron flux excess in the local region, and γ-ray signals from the dwarf galaxies, which could be probed and constrained by CMB observations, AMS-02 measurements, and Fermi-LAT detections, respectively. Note that this VDM annihilation process corresponds to the one-step cascade annihilation, which has already been investigated in Ref. [17] . Therefore, we apply those results directly.
-Region (ii): Due to its long lifetime, τ h 2 > 10 12 s, h 2 can be considered as a decaying DM component at the CMB epoch. Thus, the photons from h 2 decays can be constrained by precise measurements of CMB power spectrum. Furthermore, when τ h 2 > τ U with τ U being the age of the Universe, h 2 is a true DM component, and its decays lead to the excesses of diffuse γ/X-rays. For these two constraints, we use the results from Refs. [18] and [8] , respectively.
The final results are shown in Fig. 2 , where the left and right panels represent typical situations for the region (i) and (ii), respectively. Note that the freeze-in region corresponds to the parameter space below the curve labeled by "Thermalization" in both plots. It is clear that the freeze-in parameter space in region (i) is already excluded by the constraints from AMS-02, CMB and BBN. In contrast, there is a parameter window which can satisfy all of the experiments when the h 2 becomes as light as O (keV). This result agrees with that given in Ref. [8] . and gray (cyan) strips represent the space in which the VDM self-interaction cross section is 1 cm 2 /g < σ T /m X < 10 cm 2 /g and 0.1 cm 2 /g < σ T /m X < 1 cm 2 /g, respectively, which can solve small-scale structure problems at the dwarf scale. The top left gray (red) region is ruled out by the cluster-scale constraints on VDM selfscatterings. The parameters that are excluded by the DM indirect searches from BBN, CMB, AMS-02, and diffuse γ/X-rays are shown as other gray shades (purple, green, orange, and yellow, respectively). The thermalization condition of Eq. (9) is shown to be above the curve labeled by "Thermalization". Note that κ in each plot is taken to be a function of m X as in Fig. 1 .
To summarize, we have studied a self-interacting VDM model in which the VDM is generated via the freeze-in mechanism. The dark Higgs can be tuned to be light what leads to the enhancement of the VDM self-interaction to the level that can solve the cosmological small-scale structure problems. In particular, we properly handle the EW phase transition in predicting the VDM relic density, and carefully consider the indirect detection constraints, which restrict m h 2 to be at most of O (keV).
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